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S permatogenesis takes place in the seminiferous epithelium of mammalian testes (1, 2) . It is composed of a series of complex cellular events, including (i) renewal of undifferentiated spermatogonia, to be followed by differentiation of spermatogonia to types A and B; (ii) meiosis to generate haploid spermatids; (iii) transformation and differentiation of haploid spermatids to elongated spermatids and spermatozoa; and (iv) the release of mature spermatozoa at spermiation (3) (4) (5) (6) (7) . To support the production of millions of sperm per pair of testes in adult mammals, developing germ cells in particular spermatids are being actively transported across the seminiferous epithelium, coupled with extensive protein trafficking events involving endosomes and the transport of other organelles (e.g., residual bodies, phagosomes, Golgi apparatus) across the seminiferous epithelium during the epithelial cycle of spermatogenesis (8, 9) . In short, proper transport of germ cells, organelles, and endosomes across the epithelium is essential to support spermatogenesis. These cellular events, however, are dependent on the tracklike ultrastructures provided by the actin-and microtubule (MT)-based cytoskeletons (4, 8, 10, 11) . Studies have shown that cellular transport of cargoes across the actinor MT-based cytoskeleton is dependent on the actin-or MT-specific motor proteins (8, (12) (13) (14) (15) . The best studied F-actin-based motor proteins are myosins. To date, at least 40 myosin genes have been discovered in mammalian cells and tissues (16) . Virtually all of the myosin motor proteins are barbed (+)-end-directed (i.e., fast-growing) actin-based motor proteins, except myosin VI, which is a pointed (2)-end-directed (i.e., slow-growing) motor protein (17, 18) by moving cargoes to the pointed end of actinbased tracks. Moysin VIIa is highly expressed in the testis, associated with the apical ectoplasmic specialization (ES; a testis-specific adherens junction) at the Sertoli-spermatid (step 8 to 19) interface, and also with the basal ES at the Sertoli-Sertoli cell interface (19, 20) . Myosin VIIa is structurally associated with protein kinase A (21) and also vezatin [an integral membrane protein that is specifically expressed by germ cells in the mouse testis (22) ] that bridges either myosin VIIa or the cadherin-catenin adhesion protein complex to the actin cytoskeleton (23) , illustrating that this motor protein is also involved in celladhesive function in the testis. Myosin VIIa is also expressed in the kidney, lung, small intestine, retina, and inner ear and is a common component of cilia and microvilli (19, 24, 25) . Furthermore, a functional myosin VIIa is a dimeric protein, and each monomer is composed of the distinctive head, neck, and tail domains (26) (27) (28) . The N-terminal head region contains the motor domain that interacts with F-actin, capable of hydrolyzing ATP to generate the force necessary to propel the transport of cargoes (e.g., spermatids, phagosomes) attached to the tail region along the actin-based tracks (26) (27) (28) . Studies in mice and humans have shown that defects/mutations in myosin VIIa gene led to deafness and/or blindness in Shaker-1 mice, as well as to Usher syndrome type 1B with hearing impairment with retinitis pigmentosa and deaf-blindness in humans (29, 30) . A study that identified a rat model of Usher syndrome type 1B using an Nethyl-N-nitrosourea mutagenesis-driven forward genetic screen also discovered a rat recessive Myo7a mutant, named tornado (tnd), with these mice displaying aberrant circling behavior, hyperactivity, and stereotypic head shaking, similar to the mouse model and genetic variations of MYO7a in humans (31) . However, any defects in spermatogenesis in the testis in this N-ethyl-N-nitrosourea mutagenesis rat model had not been reported (31) . Nonetheless, myosin VIIa has also been shown to act as a cargo transporter by moving cargoes progressively on actin filaments toward the barbed (+)-end (32, 33) , implying its involvement in spermatid transport. Thus, it remains to be determined whether its deletion in the testis would affect spermatogenesis. In this study, we sought to examine the impact of silencing myosin VIIa by RNA interference (RNAi) on Sertoli cells using an in vitro Sertoli cell culture system, and also the testis in vivo, unraveling the role of this actin-specific motor protein on Sertoli cell and spermatogenetic function.
Materials and Methods

Animals
Adult male Sprague-Dawley rats (;280 to 300 g body weight, or male pups at 16 to 18 days of age) were obtained from Charles River Laboratories (Kingston, NY). The use of animals and recombinant DNA materials [e.g., small interfering RNA (siRNA) duplexes] for studies was approved by the Rockefeller University Institutional Animal Care and Use Committee with protocol no. 15-780-H and the Rockefeller University Institutional Biosafety Committee with approval no. 2-15-04-007. Rats were euthanized by CO 2 asphyxiation using slow (;20% to 30% per minute) displacement of chamber air with compressed carbon dioxide.
Antibodies
Antibodies used for various experiments reported in this study were obtained commercially except as otherwise specified in Table 1 (34-67) for different experiments.
Isolation and primary Sertoli cell cultures
Sertoli cells were isolated from 20-day-old rat testes for primary cultures (68) . Cells were seeded on Matrigel (BD Biosciences, San Jose, CA)-coated culture dishes (either 6, 12, or 24 wells), coverslips (placed in 12-well dishes), and bicameral units (Millipore, Billerica, MA) (placed in 24-well dishes) at a density ;0.3 to 0.4, ;0.03 to 0.04, and 1.0 3 10 6 cells/cm 2 , respectively. Sertoli cells were cultured in serum-free F12/DMEM (Sigma-Aldrich) medium, supplemented with growth factors and gentamicin in a humidified atmosphere of 95% air/5% CO 2 (v/v) at 35°C (68) . Sertoli cell cultures were used on day 3 for various experiments.
Knockdown of myosin VIIa by RNAi in Sertoli cells cultured in vitro
Knockdown of myosin VIIa was performed by RNAi in Sertoli cells using siRNA duplexes specific to myosin VIIa (myosin VIIa RNAi) vs control in which cells were transfected with nontargeting negative control siRNA duplexes (Table 2) . In brief, Sertoli cells cultured on day 3 were transfected by myosin VIIa-specific siRNA duplexes (Table 2 ) at 100 nM using RNAiMAX (Life Technologies, Thermo Fisher Scientific, Fairlawn, NJ) as a transfection reagent for 24 hours (69) . For cultures to be used for immunofluorescence (IF) analysis, cells were cotransfected with 1 nM siGLO red transfection indicator (Dharmacon) to track successful transfection. In each experiment, replicate, triplicate, or quadruple dishes, coverslips, or bicameral units were used for each treatment vs control groups. Each experiment was performed with n = 3 independent experiments using different batches of Sertoli cells. nontargeting negative control siRNA duplexes (Table 2) using Polyplus in vivo-jetPEI (Polyplus-transfection, Illkirch, France) as a transfection reagent with a transfection efficiency of ;70% as described (69, 70) and earlier reported (69) . In brief, 250 nM siRNA duplexes and 20 nM siGLO red transfection indicator (Dharmacon) were transfected as suggested by the manufacturer. A seminiferous tubule was scored to be successfully transfected with siRNA duplexes by referring to its cross-section to contain at least 10 aggregates of red fluorescence (siGLO red), and ;70% of the tubules were found to be positively transfected (at least n = 80 tubules per rat testis from n = 3 rats, i.e., a total of 240 tubules were randomly selected for scoring) as described (69) and as noted in in vivo transfection findings reported herein. The transfection solution was administered to each testis using a 28-gauge, 13-mm needle attached to a 0.5-mL insulin syringe as described (69) . Transfections were performed on day 1, 3, and 5 (triple transfections, n = 3 rats). Rats were euthanized on day 7 (n = 3 rats) and testes were immediately removed, frozen in liquid nitrogen, or fixed in modified Davidson's fixative or Bouin's fixative (71, 72) .
Monitoring the Sertoli cell tight junction permeability barrier function in vitro
Sertoli cells cultured in vitro on Matrigel-coated bicameral units at 1.0 3 10 6 cells/cm 2 were used for quantifying the transepithelial electrical resistance to assess the tight junction (TJ) barrier function as described (68, 69) . Myosin VIIa knocked down in Sertoli cells on specified days was noted in the regimen in corresponding in vitro studies. Thereafter, Sertoli cell TJ-permeability barrier function was monitored daily by quantifying transepithelial electrical resistance across the cell epithelium (68) . In each experiment, treatment and control groups had quadruple bicameral units. Each experiment was repeated n = 3 times using different batches of Sertoli cells, which yielded similar results, excluding pilot experiments that were used to optimize the experimental conditions.
F-actin spin-down assay
The integrity of F-actin was assessed by separating relative F-actin/G-actin in Sertoli cells following myosin VIIa silencing according to the manufacturer's instructions with minor modifications (catalog no. BK037, Cytoskeleton, Denver, CO). In brief, lysates were obtained from Sertoli cells homogenized in F-actin stabilization buffer and centrifuged at 350g for 5 minutes at room temperature to remove cellular debris. This was followed by 100,000g at 37°C for 1 hour to separate F-actin from G-actin. The supernatant (containing G-actin) was collected and the pellet (containing F-actin) was resuspended in 300 mL of 8 M urea. Thereafter, cell lysate, pellet, and supernatant using 30, 5, and 5 mg of total protein of each sample (including treatment vs control groups, i.e., the same protein level between samples within an experimental set) were analyzed by immunoblotting for b-actin. Phalloidin (0.1 mM, an actin-stabilizing agent) vs urea (80 mM, an actin depolymerization agent) was used as the corresponding positive and negative controls. All experiments (n = 3) yielded similar results.
MT spin-down assay
An MT spin-down assay was used to estimate the relative level of polymerized MTs vs free tubulins in Sertoli cells following myosin VIIa RNAi according to the manufacturer's protocol (catalog no. BK038, Cytoskeleton). In brief, Sertoli cells were homogenized in 37°C prewarmed lysis and MT stabilization buffer. Lysates were precleared by centrifugation at 2000g for 5 minutes at 37°C to remove cellular debris, to be followed by 100,000g at 37°C for 30 minutes to separate polymerized tubulins (i.e., MTs) in pellets from tubulin monomers in supernatant. Supernatant containing free tubulin was collected, and pellet containing MTs was resuspended in 250 mL of 2 mM CaCl 2 . Cell lysates, pellet, and supernatant containing 30, 5, and 5 mg of protein per sample, respectively (i.e., the same protein level between samples within an experimental set), were then used for immunoblot (IB) analysis to assess the level of b-tubulin. Paclitaxel (20 mM, also known as Taxol, an MT-stabilizing agent) vs CaCl 2 (2 mM, an MT depolymerization agent) was used as the corresponding positive and negative controls. All experiments (n = 3) yielded similar results.
IF analysis, F-actin staining, image analysis, and histological analysis IF analysis was performed using 7-mm frozen or 5-mm paraffin cross-sections, or Sertoli cells cultured on coverslips as described (69) . In brief, frozen sections or cells were fixed in 4% paraformaldehyde or ice-cold methanol for 5 to 10 minutes and permeabilized in 0.1% Triton X-100 for 5 to 10 minutes. Paraffin sections were deparaffinized, rehydrated, and subjected to antigen retrieval (69) . Tissue sections or Sertoli cells were then blocked in 10% goat serum (v/v) or 5% BSA (w/v) in PBS. Thereafter, samples were incubated with specific primary and corresponding secondary antibodies (Table 1) . Cell nuclei were visualized by 4 0 ,6-diamidino-2-phenylindole (DAPI) (Sigma-Aldrich). Slides were mounted in ProLong Gold antifade reagent (Invitrogen/Life Technologies, Carlsbad, CA). For F-actin staining, frozen sections or Sertoli cells (fixed in paraformaldehyde) were incubated with Alexa Fluor 488 phalloidin (Invitrogen). Images were acquired using a Nikon Eclipse 90i fluorescence microscope system equipped with a Nikon DSQi1Mc or DS-Fi1 digital camera and Nikon NIS Elements AR 3.2 software (Nikon, Tokyo, Japan) and analyzed by ImageJ 1.45s (National Institutes of Health, Bethesda, MD) or Nikon NIS Elements AR (version 3.2) software package as described (69) . Sections of testes or Sertoli cells in both treatment and control groups were analyzed in a single experimental session to avoid interexperimental variations. Each experiment had n = 3 Sertoli cell cultures or n = 3 rats. For fluorescence intensity or distribution analysis in Sertoli cells or seminiferous tubules of testes, at least 200 cells or 500 cross-sections of tubules were randomly selected and examined in both experimental and control groups, and a total n = 3 experiments were performed. Histological analysis was performed using sections stained with hematoxylin and eosin (69) . For statistical analysis, at least 500 cross-sections of tubules from each testis were randomly selected and examined from treatment vs control groups, and representative images reported herein were from an experiment from n = 3 rats.
RNA extraction, RT-PCR, and quantitative PCR
Total RNA was isolated from rat testes, Sertoli cells, germ cells, and kidney using TRIzol reagent (Life Technologies) and also from adult rats) as a positive control and S16 serving as a PCR and loading control. The primer pairs specific to Myo7a and S16 and used for RT-PCR are listed in Table 3 . (B) Using a rabbit anti-myosin VIIa antibody for IB analysis using lysates of Sertoli cells (;40 mg of protein)
used for RT-PCR (n = 3) with the corresponding primer pairs (Table 3) as described (69) . The identity of PCR products was confirmed by direct DNA sequencing at Genewiz (South Plainfield, NJ). Quantitative PCR (qPCR) (n = 3) was analyzed by the QuantStudio™ 12K Flex real-time PCR System (Thermo Fisher Scientific, Waltham, MA) with PowerUp SYBR Green master mix (Applied Biosystems, Foster City, CA) with glyceraldehyde 3-phosphate dehydrogenase as an internal control for normalization (69) . Specificity of the fluorescence signal was verified by both melting curve analysis and gel electrophoresis, and the expression level of the target gene was determined using the 22 DDCT method.
Protein lysate preparation and IB analysis
Lysates from Sertoli cells or testes were obtained for protein estimation and for IB analysis using corresponding antibodies for different target proteins (Table 1) as described (73) . Protein concentrations in samples were estimated with Bio-Rad DC protein assay kits (Bio-Rad Laboratories, Hercules, CA) using BSA to serve as a standard by spectrophotometry with a Bio-Rad (model 680) plate reader at 750 nm. About 40 mg of protein from per sample was used for IB analysis. Relative target protein levels in an IB analysis were assessed using in-house-prepared chemiluminescence kits as described (73), and luminescent signals were captured using an ImageQuant LAS 4000 mini luminescent image analyzer (GE Healthcare Life Sciences, Piscataway, NJ) with the ImageQuant software package (version 1.3). Glyceraldehyde 3-phosphate dehydrogenase or b-actin served as a protein loading control. Protein band intensities in IB analyses between samples for treatment vs control groups in an experimental group were evaluated by ImageJ 1.45s (National Institutes of Health). All samples within an experimental group were processed simultaneously for IB analysis to avoid interexperimental variations. Each sample had triplicates for treatment vs control groups from n = 3 independent experiments or testes from n = 6 rats, which yielded similar results.
Statistical analysis
Data analyses were performed using SPSS 16.0 (SPSS, Chicago, IL). Each data point was a mean 6 SD of n = 3 to 5 independent experiments (or n = 6 to 9 rats). Data were subjected to homogeneity test for variance and/or analyzed by a Student t test (two-tailed). P , 0.05 was considered statistically significant.
Results
Myosin VIIa, an actin cytoskeleton-based motor protein, is a component of the apical and basal ES and the actin conferred tracks in the seminiferous epithelium
Myosin VIIa was shown to be expressed in the rat testis, most prominently by Sertoli cells and virtually none by germ cells, as demonstrated by RT-PCR using a primer pair specific to myosin VIIa and coamplified with S16 ( Fig. 1A ; Table 3 ). Using an antibody specific to myosin VIIa (Table 1) , as noted by IB analysis using lysates of Sertoli cells under reducing conditions, myosin VIIa appeared as a 240-kDa protein with overlapping heterogeneous bands, likely the result of differential phosphorylation and/or glycosylation that caused this heterogeneity (Fig. 1B) , consistent with an earlier report based on SDS-PAGE in the rat testis (74) , illustrating the specificity of this antibody. Using dual-labeled IF analysis to visualize myosin VIIa (red fluorescence) and F-actin (green fluorescence) in Sertoli cells, myosin VIIa was shown to be expressed in Sertoli cell cytosol, colocalizing, at least in part, along the actin microfilaments, consistent with the notion that this F-actin-based motor protein was used to support cargo transport utilizing the actin-based tracks (Fig. 1C) . In the seminiferous epithelium during the epithelial cycle of spermatogenesis, myosin VIIa was prominently expressed at the apical ES and basal ES in step 8 to 19 spermatids, also partially colocalized with F-actin at the ES, supporting the notion that this motor protein supported spermatid transport across the epithelium (Fig. 1D) . Myosin VIIa also partially colocalized with the actin regulatory proteins Arp3 [the actin nucleation protein, by inducing branched actin polymerization, causing the actin filaments to assume a branched configuration (74) (Fig. 2B) , supporting the notion that myosin VIIa is an apical ES component. Furthermore, myosin VIIa also colocalized, at least in part, with basal ES proteins N-cadherin and b-catenin and TJ proteins occludin and ZO-1 at the blood-testis barrier (BTB) (Fig. 2C) , supporting the notion that myosin VIIa is also an integrated component of the basal ES/BTB.
Knockdown of myosin VIIa in Sertoli cells in vitro
by RNAi perturbed the Sertoli cell TJ permeability barrier through changes in the distribution of TJ and basal ES proteins at the cell-cell interface
We next examined the effects of myosin VIIa knockdown by RNAi on Sertoli cell function using the (Table 1) , only a prominent electrophoretic band corresponding to myosin VIIa at 240 kDa was detected, supporting the notion that this antibody was specific to myosin VIIa. Protein markers (Spectra multicolor high range protein ladder from Thermo Fisher Scientific) are shown on the left panel. (C) Myosin VIIa was also visualized in Sertoli cells cultured in vitro for ;4 d when a functional TJ permeability barrier was established (68) . Myosin VIIa was distributed in the Sertoli cell cytosol and associated with the actin microfilaments. Cell nuclei were visualized by DAPI. Scale bar, 40 mm. (D) Myosin VIIa (red fluorescence) was found to express prominently at the apical ES (also boxed in yellow insets) and also basal ES/BTB (boxed in green insets) in the seminiferous epithelium at the Sertoli cell-spermatid (step 8 to 19 spermatids) and Sertoli cell-cell interface, respectively, in all staged tubules. Myosin VIIa also colocalized with F-actin (green fluorescence) as noted in the enlarged yellow or green insets to illustrate the apical ES and basal ES/BTB, respectively. Cell nuclei were visualized by DAPI. Scale bars, 80 mm; 40 mm in insets. Fig. 3A . Sertoli cells were transfected with myosin VIIa-specific siRNA duplexes (100 nM) vs nontargeting negative control siRNA duplexes (100 nM) ( Table 2) on day 3 (a second transfection was performed on day 4 in experiments used to assess changes in Sertoli cell TJ permeability barrier function); thereafter, siRNA duplexes were removed at specified time points and cells were collected for different experiments (Fig. 3A) . These experimental conditions were established based on pilot experiments. It was noted that myosin VIIa was silenced by downregulating the steadystate protein (Fig. 3B) or mRNA (Fig. 3C ) level by ;70%, whereas the several Sertoli cell BTB-associated proteins were not affected (Fig. 3B) , illustrating that there was no off-target effects in our knockdown experiments. As expected, a knockdown of myosin VIIa expression in Sertoli cells by 70% was found to transiently perturb the Sertoli cell TJ permeability barrier function (Fig. 3D) . These disruptive effects on Sertoli cell TJ barrier function following myosin VIIa knockdown (Fig. 3E , top panel; bar graph in right panel) appeared to be mediated by changes in the distribution of TJ (e.g., CAR, ZO-1) and basal ES (N-cadherin, b-catenin) proteins at the Sertoli cell-cell interface (Fig. 3E, bar graphs in right panel) . For instance, these TJ and basal ES adhesion protein complexes were no longer tightly confined to the Sertoli cell cortical zone to support cell adhesion; instead, they were grossly internalized as noted in the bar graphs shown in the right panel of Fig. 3E , leading to changes in TJ barrier function noted in Fig. 3D . In brief, the reduced myosin VIIa level in the Sertoli cell epithelium failed to sustain proper intracellular cargo (e.g., proteins, endosomes) trafficking events to support proper distribution of adhesion proteins to confer TJ barrier function.
Knockdown of myosin VIIa in Sertoli cells in vitro perturbs the actin-, vimentin-, and MT-based cytoskeletons
Knockdown of myosin VIIa by RNAi was found to induce considerable disorganization of actin microfilaments, in contrast to the actin filaments that orderly stretched across the Sertoli cell cytosol to support cell shape and pertinent cell function in control cells transfected with nontargeting negative control siRNA duplexes (Fig. 4A) . For instance, actin microfilaments in myosin VIIa knockdown cells were grossly truncated, failing to stretch across the cell cytosol (Fig. 4A) . These changes appeared to be the result of disruptive spatial expression of branched actin nucleation protein Arp3 and barbed-end capping and bundling protein Eps8, because these two actin-binding and regulatory proteins no longer expressed prominently at the Sertoli cell-cell interface as noted in control cells; instead, they were internalized and more closely associated near the cell nuclear region (Fig. 4A ). These changes (Fig. 4A ) thus failed to support actin plasticity necessary to provide structural and functional support to Sertoli cells, leading to Sertoli cell TJ barrier function disruption as noted in Fig. 3D and 3E . Furthermore, a study using a biochemical-based assay to assess changes in the actin bundling activity also confirmed that a knockdown of myosin VIIa indeed considerably reduced the ability of Sertoli cells to support actin filament bundling (Fig. 4B) , confirming data shown in Fig. 4A . Also, we noted that there were disruptive changes in vimentin-based cytoskeletal organization following myosin VIIa knockdown vs the corresponding control cells (Fig. 4A) , thereby contributing to the disruption of the Sertoli cell TJ barrier function noted in Fig. 3D . Additionally, we noted that myosin VIIa knockdown also impeded the organization of MTs across the Sertoli cell cytosol in which MTs no longer stretched across the cell cytosol as linear protofilaments found in control cells; instead, a-tubulins (a building block of MTs, which are assembled by a-/b-tubulins) retracted from cell peripheries and wrapped around the cell nuclei (Fig. 4C) . Furthermore, the distribution of various modified forms of tubulins: including detyrosinated a-tubulin (removal of Tyr from the C terminus of a-tubulin by exposing Glu) and acetylated a-tubulin that made MTs more stable (i.e., less dynamics) (82), vs tyrosinated tubulin which made MTs less stable (i.e., more dynamics) (82), were also altered. For instance, in control Sertoli cells, these various forms of MTs that confer plasticity to MTs, giving MTs the flexibility to mediate changes in organization in response to the cellular environment such as different stages of the epithelial cycle, were stretching across the cell cytosol to the cell peripheries (Fig. 4C) . Following myosin VIIa knockdown, they retracted from the cell peripheries and wrapped around the cell nuclei (Fig. 4C) . These changes were supported, at least in part, via changes in the distribution of end-binding protein 1 (EB1), a microtubule plus (+)-end tracking protein (+TIP) protein because EB1 Actin microfilaments no longer stretched across the Sertoli cell as linear filaments but were grossly truncated after myosin VIIa RNAi vs control cells. This appeared to be the result of changes in the spatial expression of Arp3 and Eps8 wherein these proteins were internalized and moved closer to the cell nucleus (annotated by yellow arrowheads). These changes thus failed to support linear actin filaments to stretch across the cell cytosol. Also, the vimentin-based intermediate filaments no longer stretched across the Sertoli cells but retracted from cell cytosol to be closer to the cell nuclei after myosin VIIa RNAi. Cell nuclei were visualized by DAPI. Successful transfection was confirmed by siGLO. Scale bar, 40 mm. (B) A biochemical-based assay was used to assess the ability of the Sertoli cell lysate to induce actin filament bundling activity in cells following myosin VIIa knockdown vs controls (transfected with nontargeting negative control siRNA duplexes). A knockdown of myosin VIIa by ;70% was found to considerably impede actin bundling activity no longer aligned across the MT protofilaments at the barbed (+)-ends of MTs, but also retracted from the cell peripheries and moved closer to the cell nuclei (Fig. 4C) . Additionally, a biochemical assay was used to assess the ability of Sertoli cell cytosol to induce MT polymerization showed that a myosin VIIa knockdown was found to considerably downregulate MT polymerization (Fig. 4D) .
Knockdown of myosin VIIa in the testis in vivo perturbs spermatogenesis
Myosin VIIa knockdown in the testis in vivo was performed using the regimen outlined in Fig. 5A with n = 3 rats for either control or treatment group using Polyplus in vivojetPEI (Polyplus-transfection) as a transfection medium with a transfection efficiency of ;70%, consistent with our earlier report (69) . Following myosin VIIa knockdown, the steady-state levels of all the BTB-associated proteins examined were not affected except that the expression of myosin VIIa was downregulated by ;70% (Fig. 5B) , supporting the notion that there was no off-target effect. When cross-sections of the testes were examined from n = 3 rats and representative micrographs of hematoxylin and eosin staining were shown in Fig. 5C , considerable gross defects in spermatogenesis were detected (see bar graph in the bottom panel of Fig. 5C ). First, elongated spermatids displaying defects in polarity, in which their heads pointed 90°to 180°away from the intended orientation of aligning perpendicular to the basement membrane, as noted in control testes, remained trapped deep inside the epithelium in stage VIII, IX, and even in stage XII tubules (Fig. 5C) . Second, phagosomes were found in the epithelium near the tubule lumen in stage I to III and IX tubules when they should have been transported to the base of the epithelium for lysosomal degradation (Fig. 5C ). Third, round spermatids and spermatocytes were found in tubule lumen owing to defects on germ cell adhesion and transport such as in stage IX tubules as noted herein (Fig. 5C) . Fourth, numerous defects in spermatozoa were noted in the cauda epididymis, including the persistent presence of residual bodies in epididymal spermatozoa, detached sperm heads from the tails, malformed sperm heads with unusually large acrosomes, double-headed spermatozoa, and multinucleated sperm heads (Fig. 5C, lower panel) .
Knockdown of myosin VIIa in the testis in vivo grossly perturbs F-actin organization in the seminiferous epithelium
In control rat testes, F-actin prominently expressed and associated with apical and basal ES across the seminiferous epithelium (Fig. 6) . In stage I to V tubules, F-actin prominently expressed and associated with elongating spermatids, and at stage VIII, F-actin appeared as bulblike structures at the concave side of spermatid heads and also associated with newly formed step 8 spermatids when apical ES just appeared (Fig. 6) . F-actin was also expressed at the basal ES to support BTB structures in control testes (Fig. 6) . Following myosin VIIa knockdown in the testis, the organization of F-actin was grossly affected across the epithelium. First, the actin cytoskeleton was no longer prominently expressed, surrounding developing spermatid heads at the apical ES, but became truncated (Fig. 6) . Second, the bulblike structures conferred by F-actin were no longer visible at the concave side of spermatid heads in early stage VIII tubules (Fig. 6) . Third, F-actin was no longer conspicuously expressed at the basal ES to support BTB but diffusely localized (Fig. 6) , unlike control testes. Thus, many elongated spermatids had defects in adhesion and polarity (see yellow arrowheads in Fig. 6 ).
Knockdown of myosin VIIa perturbs apical and basal ES through changes in the spatiotemporal expression of the actin regulatory proteins and ES adhesion proteins
Apical ES
A knockdown of myosin VIIa in the testis was found to considerably downregulate the expression of myosin VIIa (Fig. 7, see bar graph) , consistent with findings in vitro ( Fig. 3B and 3C ). The gross disruption on the organization of F-actin as noted in Fig. 6 was shown to be mediated through disruptive changes in the spatiotemporal expression of branched actin polymerization protein Arp3 (which effectively induced linear actin filaments to assume a branched, instead of a bundle, configuration), and also barbed-end capping and bundling protein Eps8 (which conferred actin filaments to assemble into bundles) following myosin VIIa knockdown (Fig. 7) . For instance, in control testes, both were also found to be considerably disorganized, in which the long stretches of MT protofilaments were retracted from cell cytosol and moved closer to the cell nuclei. Furthermore, the organization of the detyrosinated and acetylated a-tubulins (both are the most stable, i.e., less dynamic, form of MTs) and the tyrosinated tubulins (which promoted MT dynamics, making MTs less stable) was also perturbed in myosin VIIa silenced vs control cells wherein they no longer stretched across the cell cytosol but wrapped around the cell nuclei. Cell nuclei were visualized by DAPI. Scale bar, 40 mm. (D) A biochemical-based spin-down assay that assessed the overall MT polymerization activity, confirming that a knockdown of myosin VIIa by ;70% considerably impeded the ability of Sertoli cells to induce MT polymerization. Composite data are shown in the bar graphs in the right panel, with each bar representing a mean 6 SD of n = 3 experiments with triplicate cultures in each experiment. **P , 0.01 by Student t test. . A study to assess the effects of myosin VIIa knockdown in the testis in vivo on the status of spermatogenesis in the seminiferous epithelium. (A) Regimen used to assess the effects of in vivo RNAi on the status of spermatogenesis by transfecting rat testes with myosin VIIa-specific siRNA duplexes (myosin VIIa RNAi) vs nontargeting negative control siRNA duplexes (Ctrl RNAi). (B) Using Polyplus in vivo-jetPEI as a transfection medium for RNAi with a transfection efficiency of ;70% (see "Materials and Methods"), myosin VIIa expression was found to be downregulated by almost 70% (see composite data summarized in the bar graph below) in the testis following its knockdown. However, the steady-state levels of several BTB-associated proteins were not affected by myosin VIIa knockdown (each lane contained 80 mg of total protein), illustrating that there was no off-target effect using the myosin VIIa-specific siRNA duplexes for RNAi. The bar graph is a composite of data of the IB analysis, with each bar representing a mean 6 SD of n = 3 rat testes. **P , 0.01 by Student t test. (C) Histological analysis using paraffin sections of testes (stained by hematoxylin and eosin). Representative images at different stages of the cycle are shown, and selected images encircled in black, yellow, or green boxes were enlarged. Following myosin VIIa knockdown, multiple defects on spermatogenesis were noted. First, in stage I to III tubules, phagosomes were noted in the epithelium near the tubule lumen (yellow arrowhead) where they should have been absent; also, step 15 to 16 spermatids had undergone spermiation except that a few remained embedded in the epithelium (green arrowhead). Second, in stage V tubules, most step 17 spermatids had undergone unwanted spermiation, except a few that were embedded in the epithelium (green arrowhead); some multinucleated round spermatids were noted (white arrowhead). Third, in stage VIII tubules, step 19 spermatids were Arp3 and Eps8 are prominently expressed as bulblike structures at the concave side of spermatid heads to support F-actin at the site in stage VII tubules (Fig. 7 vs Fig. 6 ). However, after myosin VIIa knockdown, Arp3 and Eps8 were no longer expressed prominently at the site, but they were considerably downregulated in similar stage VII tubules (Fig. 7) , possibly due to defects in intracellular cargo transport to support protein trafficking to confer actin cytoskeletal organization. As such, the spermatidspecific apical ES protein laminin g3 chain (67, 80, 83) was considerably downregulated and mislocalized (Fig. 7) because apical ES proteins all used F-actin for attachment, leading to germ cell loss with germ cells detected in tubule lumen as noted in Fig. 5C . Furthermore, Arp3 and Eps8 also mislocalized at the basal ES/BTB, no longer tightly associated with the BTB site as noted in control testes, but diffusely localized (Fig. 7 , see white vs yellow brackets).
Basal ES
We next examined changes in the distribution of basal ES proteins N-cadherin and b-catenin and TJ proteins occludin and ZO-1 at the BTB following myosin VIIa knockdown vs control testes. In control testes, both basal ES and TJ proteins were tightly localized at the BTB site, close to the basement membrane (annotated by the white dashed line in Fig. 8 ). After myosin VIIa knockdown, these basal ES and TJ proteins were mislocalized, failing to be restrictively localized to the BTB site (Fig. 8, yellow vs white brackets, see also histograms below). These changes were the result of defective F-actin organization at the basal ES as noted in Fig. 6 after myosin VIIa knockdown in the testis. Furthermore, results noted in Figs. 6-8 illustrated that the tubules were successfully transfected with siRNA duplexes based on the siGLO transfection indicator (red fluorescence), consistent with an earlier report that supported a ;70% transfection efficiency using Polyplus in vivo-jetPEI transfection medium (69) .
Knockdown of myosin VIIa perturbs the MT-based cytoskeletal organization through changes in the spatiotemporal expression of a +TIP EB1
We next examined whether the MT-based cytoskeletal organization was impeded following myosin VIIa knockdown in the testis in vivo. As noted in control testes, MTs (visualized by a-tubulin staining, which, together with b-tubulin, created the MT protofilaments) appeared as tracks that lay perpendicular to the basement membrane (annotated by white dashed lines) across the seminiferous epithelium to support the transport of spermatids and organelles (e.g., residual bodies, phagosomes) during spermatogenesis (Fig. 9) . Following myosin VIIa knockdown, there was considerable disruption of MT organization, such as truncation of MTs, and many disrupted MTs no longer stretched across the epithelium and lay perpendicular, but instead they lay parallel to the basement membrane (Fig. 9) . These changes were also accompanied by disruptive organization of EB1, a +TIP protein that is known to promote MT stability (84) (85) (86) , as noted in Fig. 9 .
Discussion
The involvement of actin-and MT-based cytoskeletal tracks to support the transport of cells (e.g., spermatids, preleptotene spermatocytes) and organelles (e.g., residual bodies, phagosomes, endocytic vesicles) across the seminiferous epithelium during the epithelial cycle is a generally accepted concept (3, 4, 8, 10, 11, 87) , based on studies in other epithelia and models (88) (89) (90) (91) . In the present study, the use of RNAi and the Sertoli cell culture system in vitro, coupled with transfection of the testis with myosin VIIa-specific siRNA duplexes at high efficiency to knockdown myosin VIIa in the testis in vivo, we have conclusively demonstrated the involvement of this actin-based barbed (+)-end directed motor protein in supporting spermatid and phagosome transport in the testis. For instance, a ;70% knockdown of myosin VIIa in the testis in vivo was found to impede the transport of phagosomes [derived from the engulfment of residual bodies by the Sertoli cell (92, 93) ] from the adluminal compartment near the tubule lumen to the base of the tubule to undergo lysosomal degradation. Phagosomes were persistently detected in the adluminal compartment near the tubule lumen in stage IX tubules when they should have been transported to the tubule base to begin the lysosomal-mediated degradation (94) . Interestingly, Figure 5 . (Continued). persistently found deep inside the epithelium (green arrowhead), and some residual bodies (red arrowhead) were also found near the tubule base instead of near the tubule lumen. Fourth, in stage IX tubules, phagosomes remained near the tubule lumen (yellow arrowheads), and then they should have been transported to the base of the tubule (green box); also, step 19 spermatids were persistently found in the epithelium (yellow box). Fifth, in stage XII tubules, step 19 spermatids (annotated by green arrowhead) were found together with step 12 spermatids (blue arrowhead) (in yellow box); also, some step 12 spermatids were mislocalized (black arrowhead) with their heads pointed at least 90°away from the intended orientation of pointing to the basement membrane (in green box). As shown in the middle panel, spermatozoa in the epididymis had signs of abnormality following myosin VIIa knockdown, including persistent presence of residual bodies, sperm heads containing genetic materials detached from the mid-piece, and abnormalities of sperm heads. Bar graphs in the lower panel indicate the percentage of defective tubules and percentage of abnormal sperm in the epididymis by scoring ;700 randomly selected tubules or epididymides per rat with ;2000 tubules from three rats. Each bar is a mean 6 SD of n = 3 rats. Upper panel: scale bars, 250 mm for the lowmagnification micrograph; 80 mm, 40 mm, and 40 mm in insets boxed in black, yellow, and green, respectively. Middle panel: scale bar, 40 mm for the epididymal sperm. Each bar is a mean 6 SD of n = 3 rats, with a total of ;2000 tubules randomly scored. **P , 0.01 by Student t test. Figure 6 . A study to assess the effects of myosin VIIa knockdown in the testis in vivo on the organization of actin-based cytoskeleton in the seminiferous epithelium. As noted in control testes transfected with nontargeting negative control siRNA duplexes (Ctrl RNAi), F-actin was very well organized. F-actin was prominently expressed at the apical ES (i.e., surrounding spermatid heads) and basal ES/BTB (located near the basement membrane, which is annotated by a dashed white line) to support the ES function, except in late stage VIII through IX when F-actin was converted to G-actin to facilitate the release of sperm at spermiation and the transport of preleptotene spermatocytes across the immunological barrier, respectively. Even in stage IX tubules, when step 8 spermatids appeared, F-actin had also wrapped around the developing step 8 spermatids when apical ES was first detected in control testes. Following myosin VIIa knockdown in the testis in vivo (myosin VIIa RNAi), F-actin was no longer restrictively expressed at the apical ES, tightly associated with the developing spermatids to support spermiogenesis, as noted in stage I to III, V, early VIII, and IX tubules. For instance, F-actin did not wrap around spermatid heads, and thus many spermatids had defects in polarity, with their heads pointed away from the basement membrane by as much as 90°to 180°(annotated by yellow arrowheads). Furthermore, F-actin at the basal ES/BTB near the basement membrane (annotated by a dashed white line) was diffusely expressed at the site (see white brackets in the myosin VIIa knockdown testes). Scale bars, 80 mm; 40 mm in enlarged images boxed in green or yellow. Figure 7 . Myosin VIIa knockdown-induced disorganization of F-actin at the ES is mediated through changes in the spatiotemporal expression of actin regulatory proteins Arp3 and Eps8. In this study, we examined whether there were changes in the spatial expression of two actin regulatory proteins, Arp3 and Eps8. First, the efficacy of myosin VIIa knockdown was confirmed by IF analysis of myosin VIIa in the epithelium. Myosin VIIa knockdown in the testis reduced myosin VIIa expression at the apical and basal ES in the testis by as much as ;70% (see also bar graph in the right panel). In stage VII tubules of control testes, Arp3 and Eps8 were highly expressed at the concave side of spermatid heads, appearing as bulblike structures to support extensive endocytic protein trafficking events at the site; both proteins were also expressed at the basal ES/BTB near the basement membrane (annotated by the dashed white line). However, after myosin VIIa knockdown, both Arp3 and Eps8 were considerably downregulated and mislocalized at the apical ES, and many elongated spermatids displayed defects in their polarity (yellow arrowheads). These changes thus impeded the localization of a spermatid-specific apical ES adhesion protein laminin g3 chain (67, 83), because laminin g3 was no longer highly expressed at the tip of elongated spermatids, failing to support spermatid adhesion. The bar graph in the right premature release of elongated spermatids, such as step 15 to 16 spermatids, mimicking spermiation was remarkably noted in stage I to III tubules due to defects in F-actin organization across the seminiferous epithelium following myosin VIIa knockdown, which in turn failed to support apical ES function to confer elongating/ elongated spermatid adhesion in the epithelium. This is due to the fact that adhesion protein complexes (e.g., nectin 2/afadin, nectin 3/afadin, a 6 b 1 -integrin/laminin a3b3g3) all use F-actin for attachment (78, 81, 83, (95) (96) (97) , and a disruptive organization of F-actin thus led to apical ES degeneration, inducing spermatid exfoliation. Interestingly, a considerable number of step 19 spermatids were also found in stage IX to XII tubules, coexisting with step 9 to 12 spermatids, and remained trapped deep inside the epithelium. Thus, why would some of these step 19 spermatids fail to be released into the tubule lumen when the apical ES had already been degenerated? A careful examination of the data reported in this study has shown that the failure in spermatid Figure 7 . (Continued). panel also illustrates a considerable reduction in the percentage of stage VII tubules and an increase in the percentage of stage VIII tubules due to defects in spermiation after myosin VIIa knockdown. This is due to the release of sperms that took place in stage VII tubules, thus making these tubules similar to stage VIII tubules when tubules were randomly scored. Scale bars, 80 mm; 40 mm in insets that are magnified images boxed in green or yellow. Figure 8 . Myosin VIIa knockdown in the testis in vivo caused mislocalization of basal ES and TJ proteins at the BTB. Because myosin VIIa knockdown in the testis perturbed the organization of F-actin in the seminiferous epithelium that impeded apical ES protein distribution, we next examined whether there were any changes in the distribution of basal ES and TJ proteins at the basal ES that supported BTB function. As anticipated, basal ES proteins N-cadherin (an integral membrane protein) and b-catenin (an adaptor protein) and TJ proteins occludin (an integral membrane protein) and ZO-1 (an adaptor protein) no longer restrictively localized to the basal ES/BTB near the basement membrane (annotated by a dashed white line) following myosin VIIa RNAi vs control testes. These proteins were diffusely localized at the site (see yellow brackets in myosin VIIa RNAi testes vs white brackets in Ctrl RNAi testes) because they used F-actin for attachment. These changes were also semiquantitatively analyzed and are shown in the bar graphs below. Each bar is a mean 6 SD of randomly scored tubules from n = 3 rats. Scale bar, 40 mm, which applies to all micrographs in this panel. **P , 0.01 by Student t test.
transport following myosin VIIa knockdown is more than just a disruptive organization of actin-based cytoskeleton across the epithelium, as MT-based cytoskeleton was also notably disrupted. For instance, the tracklike MT-based structures across the seminiferous epithelium were considerably disrupted following myosin VIIa knockdown in the testis. This seemingly interesting finding was difficult to reconcile initially because myosin VIIa is an actin-specific motor protein that supports cargo transport to the barbed (+)-end of microfilaments, and why would its knockdown perturb the MT organization? Recent reports, however, have offered some hints. It is now established that endocytic vesiclemediated protein trafficking is intimately supported by F-actin across mammalian cells, including Sertoli cells (98) (99) (100) , and possibly involving Src-family kinase signaling (101, 102) . Thus, defects in actin-mediated cargo transport following a knockdown of myosin VIIa would impede MT organization via changes in the spatiotemporal expression of MT regulatory proteins (e.g., EB1), as these proteins require the timely distribution to the specific cellular domains supported by proper F-actin organization across the seminiferous epithelium. This possibility was indeed supported by the observation reported in the present study that the spatiotemporal expression of EB1, a +TIP protein associated with the barbed (+)-end of MTs known to confer MT stability (84, 85) , was grossly disrupted. These changes thus perturb (85)]. MTs and EB1 appeared as tracklike structures that lay perpendicular to the basement membrane to support spermatid and organelle (e.g., residual bodies, phagosomes) transport in all stages of the epithelial cycle. However, following myosin VIIa-specific knockdown in the testis, these tracklike structures were either truncated, analogous to the disruption of "freeways" to support spermatid and organelle transport across the epithelium, thereby perturbing spermatogenesis. Scale bar, 80 mm.
the organization of the tracklike structures conferred by MTs. As such, in the absence of MT-conferred tracks, even though apical ES had already been degenerated, many step 19 spermatids failed to be transported to the epithelium near the tubule lumen to undergo their eventual release at spermiation. Thus, step 19 spermatids were persistently found in stage IX, X, XI, and XII tubules, coexisting with step 9, 10, 11, and 12 spermatids. More importantly, these findings illustrate that the cellular events of spermatid and phagosome transport are supported by the concerted efforts of actin-and MTbased cytoskeletons, and motor proteins, such as myosin VIIa, are playing a crucial role in these events.
Myosin VIIa is one of the 40 myosin motor proteins found in mammalian cells and tissues to support cargo transport along the actin filament directed to the barbed (+) (fast-growing)-end (16) . Myosin VIIa was first identified in a human intestinal epithelium cell line based on partial amino acid sequencing, most notably expressed in the testis, receptor cells of the inner ear, and the pigment epithelial cells of the retina (103) . A portion of the myosin VIIa head domain was also cloned from the sensory epithelium of the inner car in bullfrogs (104) . Studies have shown that myosin VIIa is a common component of cilia and microvilli (25) . In humans, myosin VIIa is highly expressed in cochlea and retina, and mutations of myosin VIIa lead to Usher syndrome 1B in which patients are having hearing loss leading to deafness, and they also have an eye disorder called retinitis pigmentosa, which is associated with loss of vision due to progressive retinal degeneration (40, 105, 106). Consistent with earlier reports (19, 103) , we have shown in the present study that myosin VIIa is highly expressed in the testis, and in virtually all stages of the epithelial cycle, predominantly associated with the apical ES at the Sertoli-spermatid interface (19) . More importantly, its knockdown by RNAi in the testis in vivo was found to perturb the transport of developing spermatids and phagosomes across the seminiferous epithelium to support spermatogenesis. Collectively, these findings provide compelling evidence regarding the functional role of myosin VIIa as a crucial actin-based motor protein. Its knockdown also perturbs the organization of the MT cytoskeleton, possibly due to a defect in actin-based endocytic vesicle-mediated protein trafficking, thereby impeding the spatiotemporal expression of regulatory proteins (e.g., EB1) that support MT homeostasis.
